In this paper we describe stably transfected rat cell lines which harbour either the human cytomegalovirus (HCMV) immediate early (IE) gene encoding the 72K IE nuclear antigen (IEA) or the bacterial chloramphenicol acetyltransferase (CAT) gene both under transcriptional control of the HCMV IE enhancer-promoter (-484 to -19 relative to the IE cap site, + 1). In these cell lines IE gene or CAT gene expression is repressed but can be induced by heat-shock, by sodium arsenite and by inhibitors of protein synthesis such as cycloheximide (CH). In addition, we present evidence suggesting that CH-mediated activation is cell cycle-dependent Thus CH-mediated induction of the 72K IEA as well as CAT gene expression was impaired and accumulation of mRNAs did not occur when cellular DNA synthesis was inhibited. Activation of IE genes by CH occurred almost exclusively in those cells which were in S-phase. In contrast, activation of gene expression by sodium arsenite occurred independently of cellular DNA synthesis and was not restricted to cells in S-phase. The data are consistent with, but not proof of, the hypothesis that the activation of IE transcription, brought about by inhibition of protein synthesis, resulted from a disturbed chromatin conformation due to DNA synthesis continuing in the absence of a supply of chromatin-organizing proteins. The possible relevance of these observations with regard to HCMV latency and reactivation is discussed.
INTRODUCTION
Human cytomegalovirus (HCMV), a member of the herpesvirus family, is a ubiquitous human pathogen. Following primary infection with HCMV, the virus persists, probably for life, in a latent form in the human host (reviewed by Jordan, 1983) . However, the virus can be reactivated from the latent state by as yet unknown stimuli. The site of viral latency and the molecular mechanisms involved in the maintenance of the latent state and in the reactivation process are presently unknown.
We have previously reported (Boom et al., 1986) on the establishment of a rat cell line, Rat-9G, which harbours several copies of a recombinant plasmid, pES ( Fig. 1) , stably integrated into chromosomal DNA. This recombinant plasmid contains the 7.0 kb EcoRI-SalI fragment (0-063 to 0.089 map units) of HCMV strain AD169. Based upon DNA sequence data obtained for strains Towne and AD169, which show extensive sequence homology in this area, the fragment is expected to encompass immediate early (IE) regions 1 and 2 of the major IE transcription unit ( Fig. 2a ; Jahn et al., 1984; Wilkinson et al.,1984; Akrigg et al., 1985; McDonough & Spector, 1983; Stenberg et al., 1984 Stinski et al., 1983) . Multiple IE mRNAs [among which is the 1.95 kb IE region 1 mRNA encoding the 72K IE antigen (IEA)] are generated from this transcription unit through a complex series of splicing events .
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Transcriptional regulation of the IE unit is mediated by a very strong enhancer-promoter, which consists of several short direct and inverted repeat elements, and extends to approximately 0.5 kb upstream from the IE transcription initiation site (Akrigg et al., 1985; Boshart et al., 1985 ; Stinski & Roehr, 1985; Thomsen et al., 1984; Spaete & Mocarski, 1985) . Other studies have shown that virion-associated factors stimulate IE gene expression (Spaete & Mocarski, 1985; Stinski & Roehr, 1985) and that the 72K IE gene autoregulates in COS cells . In addition, evidence has been presented suggesting that IE transcription in embryonal carcinoma cells is dependent on cellular factors induced upon differentiation in vitro (G6ncz61 et al., 1984 Nelson & Groudine, 1986; LaFemina & Hayward, 1986) .
Under normal growth conditions Rat-9G cells are repressed for IE nuclear antigen expression and we have recently provided evidence that repression is at the IE transcription level. Repression can be relieved by several stimuli including heat-shock, treatment with sodium arsenite (another inducer of cellular heat-shock genes; Ashburner & Bonner, 1979; Burdon, 1986) or by inhibition of protein synthesis (Boom et al., 1986; Geelen et al., 1987) . We have previously suggested that Rat-9G cells may provide an in vitro model to study the molecular events that underlie HCMV latency and reactivation. This model is based on the assumption that activation of viral IE genes (which are supposed to be repressed during latency) is the key event in the reactivation process. The study of the mechanisms that underlie IE gene repression and activation might therefore provide insight into those involved in HCMV latency and reactivation.
In this paper we describe the establishment of two additional types of rat cell lines, Rat-10B and ctCAT which harbour the 72K IE gene (IE region 1) and the bacterial chloramphenicol acetyltransferase (CAT) gene respectively. Expression of both genes is under IE enhancerpromoter transcription control (-486 to -19 relative to the IE cap site, + 1 ; Fig. 1 ). The Rat-9G, Rat-10B and ~tCAT cell lines show the common property of being repressed for the expression of the stably transfected genes although this can be overcome, as mentioned earlier. It is assumed that repressed genes are organized into a condensed chromatin structure which is maintained by histone H 1 (for review, see Weintraub, 1985) . Disruption of this structure (e.g. by removing histone HI) results in the open 'beads-on-a-string' conformation and this change in conformation is thought to underlie the process of gene activation. To maintain the repressed status of a gene throughout the cell cycle it is necessary that the newly replicated DNA be organized into its original condensed state (Weintraub, 1985; Brown, 1984; Reeves, 1984) .
It is well established that DNA synthesis continues for a considerable period of time in the presence of inhibitors of protein synthesis, although at a significantly reduced rate. This results in a disturbed chromatin conformation due to the exhaustion of proteins that are necessary to organize the chromatin into its correct conformation (Riley & Weintraub, 1979; Annunziato & Scale, 1983 , 1984 Scale & Simpson, 1975) . Since the repressed genes in the rat cell lines can be activated by inhibition of protein synthesis it was of interest to test whether this type of activation of IE genes was the result of a disturbance of the repressed chromatin conformation due to DNA replication in the absence of a supply of chromatin-organizing proteins. In this paper, experiments are described which were undertaken to test two obvious predictions of this working hypothesis. The first prediction was that when DNA synthesis was inhibited during the protein synthesis block, activation of IE genes would not occur. The second prediction was that transcriptional activation would occur only in those cells that were in S-phase during the block in protein synthesis.
METHODS
Cells. Culture conditions for Rat-2-TK- (Topp, 1981) Rat-9G, Rat-10B and aCAT cell lines were as described previously (Boom et al., 1986) . Transfected cell lines were continuously propagated in HAT medium (Littlefield, 1964) .
Antisera and detection of IE nuclear antigens. The E3 monoclonal antibody (MAb) (Goldstein et aL,1982) was generously provided by Genetic Systems (Seattle, Wash., U.S.A.) but is now no longer available. The E 3 MAb has previously been shown to be directed against the HCMV 72K IE nuclear antigen (Goldstein et al., 1982; Stinski et al., 1983; Stenberg et al., 1984 
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DuPont de Nemours) which is directed against a 72K nuclear protein that is synthesized shortly after infection Gleaves et al., 1985) . A pool of human sera containing antibodies to HCMV IEAs was obtained from six renal transplant patients after seroconversion for HCMV antibodies as determined by the complement fixation (CF) test. Each of these antisera detects the 72K IEA in induced Rat-9G cells (R. Boom et al., unpublished data (Boom et al., 1986) . For combined AEC (3-amino-9-ethylcarbazole)-peroxidase staining (Graham, 1965) and autoradiography, [3H]thymidinelabelled cells on coverslips were fixed with acetone (10 rain at -20 °C) and air-dried. Following incubation with S MAb (30 min at 37 °C) coverslips were washed in PBS and incubated with peroxidase-conjugated goat anti-mouse IgG (30 min at 37 °C). After washing in PBS, the coverslips were incubated (60 min at room temperature) in 50 m~,l-acetate buffer pH 5.0 to which was added H202 (to 0.03 ~ v/v) and 1/10 vol. AEC stock solution (4 mg per ml N,N-dimethylformamide; Merck). After a final wash in distilled water, the coverslips were air-dried and dipped into NTB-2 liquid emulsion (Kodak) for radiography. Recombinant DNA. All recombinant plasmids were propagated in Escherichia eoli K-12 strain HB 101. Plasmid pAGO is a pBR322 recombinant containing the herpes simplex virus type 1 thymidine kinase (HSV-1 TK) gene as a 2 kb PvuII fragment and was kindly provided by F. Colb6re-Garapin (Colb6re-Garapin et al., 1979) . Plasmid pES has been described previously (Boom et al., 1986) .
Plasmid pct465BS contains 465 bp of the IE upstream region (-484 to -19, relative to the IE cap site, + 1) flanked by a 3' BamHI linker and a 5' SalI linker and was cloned as a BamHI-SalI fragment at the corresponding sites of pBR328, p~t465BS was constructed as follows, pES was digested to completion with Sacl (for a physical map, see Fig. 2a ), treated with T4 DNA polymerase, and BamHI linkers (decamer; cat. no. 1003, Biolabs) were added. After BamHI and EcoRI digestion the 1.8 kb EcoRI-BamHI fragment containing the IE upstream sequences was isolated and cloned at the corresponding sites of pBR328 yielding pESacB. After linearization of pESacB with EcoRI and limited Bal31 degradation, SalI linker (octamer; cat. no. 1012, Biolabs) were added. SalI digestion, followed by recircularization with T4 ligase, resulted in a population of recombinants with deletions of different lengths. The IE upstream region from one of these was released by BamHI and SalI digestion and the resulting fragment was recloned at the corresponding sites of pBR328 yielding pct465BS. IE upstream sequences were present to -465 bp relative to the IE start site (+ 1) as determined by DNA sequencing (Maxam & Gilbert, 1980) . pctCAT contains the bacterial CAT coding region and simian virus 40 polyadenylation signal under the transcriptional control of HCMV IE upstream DNA as present in pct465BS. Plasmid patCAT was constructed as follows: pRSV-CAT (Gorman et al., 1983) was cleaved at its unique HindIII site which was converted into a BamHI site by the addition of BamHI linkers after treatment with Klenow DNA polymerase I in the presence of dNTPS. After BamHI digestion, the 1.6 kb BamHI fragment carrying the CAT coding region and the poly(A) signal was isolated and inserted at the BamHI site of pct465BS in the proper orientation. The construction of p~IEA-1 is described in Results.
DNA transfeetion, isolation of total cellular DNA, Southern blot analysis and hybridization conditions. These were carried out as described previously (Boom et al., 1986) .
Inducers oflE expression. Cycloheximidc (CH) and sodium arsenite stock solutions (100-fold concentration) were prepared in PBS to 5mg/ml and 20 mM, respectively, filter-sterilized and frozen in small aliquots. For induction of cells, 1/100 vol. of the stock solution or of PBS (mock treatment) was added to the growth medium. Similarly digested marker DNAs (rat liver DNA to which pcdEA-1 DNA was added to approx. 1 copy/cell) were included (lanes 2, 3 and 6). Relevant restriction enzyme sites are given in (a). Fragment lengths are indicated in kb.
After CH treatment (3 h at 37 °C), arsenite treatment (2 h at 37 °C) or mock treatment, the cells were rinsed three times with PBS and fresh medium was added. Heat-shock treatment of cells growing in 60 mm Petri dishes was carried out for 10 to 15 min at 42 °C: medium was aspirated, 1 ml of PBS was added and the dishes were incubated in a 42 °C water-bath (heat-shock) or at room temperature (22 °C, mock treatment). After treatment, PBS was aspirated and fresh medium was added.
Inhibition of DNA synthesis. Arabinosylcytosine (Ara-C) and hydroxyurea (HU) (Sigma) were prepared as 100-fold concentration stock solutions in PBS, filter-sterilized and frozen in small aliquots. Inhibition of DNA synthesis in Rat-9G cells by either Ara-C (10 p.M) or HU (2 mi) was monitored by the incorporation of [Me-l',2',-3H]thymidine (Amersham; 120 Ci/mmol, 5 ~tCi/ml growth medium) into high Mr cellular DNA after a 20 min labelling period. DNA was extracted by standard procedures and incorporation of [3H]dT was determined by liquid scintillation counting. Both inhibitors reduced DNA synthesis to approximately 10~ of control values within 30 min and the level of inhibition remained constant thereafter for at least 3 h (data not shown).
Northern blot analysis. Cytoplasmic RNA was isolated by the method described for the isolation of cytoplasmic herpes simplex virus DNA (Pignatti et al., 1979) , with the omission of RNase treatment. Conditions for gel electrophoresis, blotting and hybridization were as described (Boom et al., 1986) . After electrophoresis, the gels were soaked in 1 ~ glycine for 30 min; ethidium bromide was added to 10 pg/ml, incubated for 15 min, and the gel was subsequently destained by three washes (15 min each) in distilled water before being photographed under u.v. illumination prior to blotting.
CA Tassays. These were performed as described (Gorman et al., 1983) with cell extracts from approximately 105 cells; reactions were for 1 h at 37 °C.
RESULTS

Establishment of rat cell lines, repressed but inducible for IE enhancer-promoter-directed
expression of the 72K IE nuclear antigen Plasmid pcc465BS (Fig. 2a) contains a 465 bp fragment of the IE upstream regulatory region including the IE promoter (-484 to -19 relative to the IE cap site). This fragment is flanked by a 3" BamHI linker and a 5' SalI linker and was cloned as a BamHI-SalI fragment in pBR328 (for details, see Methods). IE-coding region 1 was isolated from pES as a 3-1 kb Sad fragment, BclI linkers were added and the fragment was inserted into the BamHI site of p~465BS, yielding p~IEA-1 (Fig. 2a) . Cotransfection of Rat-2-TK-cells with the cloned HSV-1 TK gene (Colb6re- Garapin et al., 1979) and pcdEA-1, followed by HAT selection (Littlefield, 1964) , resulted in the isolation of HAT-resistant cell lines. One clonal cell line, Rat-10B, was further characterized by Southern blot analysis. Restriction enzyme digestion patterns of Rat-10B cellullar DNA were compared to those obtained for similarly digested pcdEA-1 marker DNA (a physical map for the relevant restriction sites is presented in Fig. 2a) . Cellular DNA doubly digested with SalI and HindIII showed a prominent 3.9 kb fragment that comigrated with the marker fragment (Fig.  2b, lanes 1 and 2) . This indicated that the complete HCMV-specific insert of p~IEA-1 was present in Rat-10B cells. This was further substantiated by SalI-BgllI (Fig. 2b, lanes 3 and 4) and by SalI-PvuII (Fig. 2b , lanes 5 and 6) double digestions which yielded the expected 2.8 kb and (3.5 + 1-26) kb fragments, respectively.
Rat-10B ceils, like Rat-9G cells, showed a repressed phenotype for IE nuclear antigen expression (approx. 0.1 ~ positive nuclei) as determined by IF with E3 MAb, S MAb or a pool of human antisera containing antibodies to HCMV IEAs. E3 MAb has been shown to recognize the 72K HCMV IEA (Goldstein et al., 1982; Stinski et al., 1983; Stenberg et al., 1984) . S MAb, a commercially available antibody, has previously been shown to react with a 72K nuclear protein synthesized shortly after infection Gleaves et al., 1985) . Data obtained from DNA transfection experiments with various HCMV IE gene recombinants have shown that S MAb recognizes an epitope encoded by either exon 2 or 3 (Fig. 2) of the 72K IE protein and that E3 MAb is directed against an epitope encoded by exon 4 . Strong nuclear fluorescence was, however, obtained with each of these antisera in a large fraction (ranging from 40 to 70~ in different experiments) of both Rat-9G and Rat-10B cells following heat-shock treatment (10 to 15 min at 42 °C) or following treatment for 2 h with 200 p~M-sodium arsenite. A representative photograph is presented in Fig. 3 b. In addition, treatment with CH, an inhibitor of protein synthesis, (3 h, 50 ~g/ml) resulted in IE nuclear fluorescence in a consistently smaller fraction (5 to 25 ~) of the cells after release from the inhibitor. Control cultures (either untreated or mock-treated) invariably showed the repressed phenotype (< 0.19/00; Fig. 3 a) . Neither Rat-G nor Rat-10B cells, whether induced or non-induced, showed nuclear fluorescence with an HCMV-negative human serum. Parental Rat-2-TK-cells subjected to each of the stimuli remained negative for nuclear fluorescence with the aforementioned sera, consistent with our previous observations . Another rat cell line, established in a similar way as the Rat-10B cell line showed the same repressed (but inducible) phenotype for IE expression (data not shown).
Establishment of rat cell lines, repressed but inducible for IE enhancer-promoter-directed CA T gene expression
To study IE transcription regulation in rat cells in the absence of viral gene products, a recombinant plasmid (p~CAT) was constructed in which the bacterial CAT gene (Gorman et al., 1983) was inserted at the BamHI site of p~465BS (for details see Methods) thus yielding a recombinant in which CAT gene expression was under the same upstream transcription control as the major IE gene in p~IEA-1 (Fig. 1) . Cotransfection of Rat-2-TK-cells with the cloned HSV TK gene and pc~CAT, followed by HAT selection, resulted in the isolation of several HATresistant cell lines which showed a low or undetectable level of CAT activity. Two cell lines (~CAT-15 and ~CAT-18) were studied in more detail. Southern blot analysis of genomic DNA isolated from either of these cell lines showed that the IE-directed CAT gene was present at Fig. 3 . Heat-shock induction of the 72K IE nuclear antigen in Rat-10B cells. Cells growing on coverslips were fixed 18 h after mock treatment (a) or 15 min heat-shock treatment (42 °C) (b) and stained for IF with S MAb. The same nuclear fluorescence was observed when E 3 MAb or a pool of human antisera was used.
several copies per cell (data not shown). Under normal growth conditions, extracts from these cell lines showed only a low level of CAT activity which, by analogy to Rat-10B and Rat-9G cells, is likely to result from CAT gene expression in only a small fraction of the cells. Enhanced levels of CAT activity were, however, measured in extracts from cells which had been induced by inhibition of protein synthesis, heat-shock or treatment with sodium arsenite (Fig. 4) .
Induction of lE nuclear proteins and CAT activity by inhibition of protein synthesis: its dependence on continuing DNA synthesis
To determine whether the induction of IE expression would be dependent on cellular D N A synthesis, we used the inhibitors of D N A synthesis Ara-C and H U which act by affecting D N A polymerase and ribonucleotide reductase respectively (Cozzarelli, 1977; Timson, 1975) . Since these inhibitors have different modes of action, their common biological effects are assumed to 5) , induced by CH (lanes 2 to 4; 4 h, 50 Isg/ml) or induced by sodium arsenite (lanes 6 to 8; 2 h, 200 ktM). DNA synthesis was inhibited by Ara-C (lanes 3 and 7; 10 ~tM) or HU (lanes 4 and 8; 2 mM) from 1 h before induction until preparation of cell extracts at 18 h after induction. CAT activity was determined by conversion of [~4C]chloramphenicol (S) into its acetylated forms (Ac). Fig. 7 . Northern blot analysis. Cytoplasmic RNAs were extracted from Rat-9G (a) and Rat-10B (b) cells, electrophoresed through 1 ~ agarose-formaldehyde gels, stained by ethidium bromide and visualized by u.v. illumination (lower panels). The gels were subsequently blotted onto nitrocellulose and probed with the 7.0 kb HCMV insert of pES (upper panels). Lanes 1, RNA from mock-treated cells; lanes 2, RNA extracted immediately after 3 h CH treatment (50 ~tg/ml); lanes 3, RNA extracted immediately after 3 h CH + Ara-C treatment (50 ~tg/ml and 10 ~tM, respectively) from cells in which DNA synthesis had been arrested by 1 h Ara-C pre-treatment; lanes 4, RNA extracted as described for lanes 3 except that HU (2 mM) was used instead of Ara-C. The 28S and 18S ribosomal RNAs and the 2.1 and 1.9 kb IE mRNAs are indicated.
influence the low spontaneous level of I E A expression (Fig. 5, rows 1, 2 a n d 3) . W h e n either inhibitor of D N A synthesis was added following the C H block, the C H -m e d i a t e d induction of IE expression was unaffected (Fig. 5 , rows 5 and 6). However, when D N A synthesis was inhibited during the C H block, a 20-fold (approx.) reduction in IEA-positive nuclei was observed (Fig. 5, rows 8 and 9 ). Similar results were obtained when the inhibitors of D N A synthesis were present from 1 h before C H treatment until fixation, rather than being removed Ara-C + HU 40 * Rat-10B cells were induced by a 3 h CH (50 ~tg/ml) treatment or with 200 rtM-sodium arsenite (2 h) or were left untreated.
t From 1 h before induction until fixation, DNA synthesis was inhibited by 10 ~tM-Ara-C or 2 mM-HU.
Ceils were fixed 18 h after the addition of the inducer and prepared for IF with S MAb. The cells (a total of 1000) were scored for nuclear fluorescence.
3 h after CH treatment (not shown). Unlike Ara-C, HU is an easily reversible inhibitor of DNA synthesis (Timson, 1975) . Pretreatment with this inhibitor before CH treatment only slightly affected IE induction (Fig. 5, row 7) . Essentially the same results were obtained with E 3 MAb and a pool of human sera containing antibodies to HCMV IEAs (not shown).
When Rat-10B cells were induced by CH for IE expression either in the presence or absence of DNA synthesis and tested for 72K nuclear antigen expression by IF with S MAb, a similar dependence on DNA synthesis was observed (Table 1 ). In addition, aCAT-15 cells also showed this dependence. Thus, 4 h CH treatment resulted in high levels of CAT activity (Fig. 6, lane 2) . However, when DNA synthesis was arrested from 1 h before CH treatment until the preparation of cell extracts, induction of CAT activity was impaired (Fig. 6, lanes 3 and 4) . Together, the data presented above suggest that, at the protein level, CH-mediated induction of genes (both homologous and heterologous) under HCMV IE enhancer-promoter control is dependent on continuing DNA synthesis.
Induction of IE gene and CA T gene expression by arsenite treatment
To determine whether arsenite-mediated induction of IE nuclear antigens would also be prevented by inhibition of DNA synthesis, Rat-10B cells were induced by sodium arsenite treatment, in the presence or absence of DNA synthesis, and prepared for IF with S MAb. In contrast to the results obtained for CH-mediated induction, the results presented in Table 1 suggest that arsenite-mediated induction of the 72K IEA occurred independently of DNA synthesis, even in the presence of both inhibitors of DNA synthesis. The same independence of DNA synthesis was observed for ~CAT-15 cells induced by arsenite (Fig. 6, lanes 5 to 8) . These experiments suggest that inhibition of DNA synthesis does not interfere with arsenite-mediated IE transcriptional activation, nor with the following cascade of events that eventually results in the presence of IE antigens within the cell nucleus or CAT activity.
Inhibition of DNA synthesis prevents CH-mediated accumulation of lE mRNA
In the previous sections it was shown that, at the protein level, inhibition of DNA synthesis interfered with CH-mediated induction of IE nuclear antigens. In order to assess whether this phenomenon could also be observed at the mRNA level, RNA isolated from Rat-9G and Rat-10B cells was analysed by Northern blot analysis. RNA isolated immediately after CH treatment (3 h) of Rat-9G cells showed the accumulation of the expected 2.1 kb and 1.9 kb IE mRNAs. These transcripts were not detectable when DNA synthesis was inhibited by either Ara-C or HU during CH treatment. Rat-10B cells, similarly analysed, also did not accumulate the 1.9 kb IE mRNA when DNA synthesis was arrested during CH treatment (Fig. 7, panels). As an internal control for RNA integrity, the gels were stained with ethidium bromide and photographed under u.v. illumination before blotting (Fig. 7, lower panels) . The data show that CH-mediated accumulation of IE mRNAs did not occur when DNA synthesis was inhibited.
Induction of lE expression mediated by inhibition of protein synthesis occurs almost exclusively in S-phase cells
The results presented in the previous sections indicated that CH-mediated transcriptional activation of IE transcription might be dependent on cellular DNA synthesis. If this is the case, then only those cells that were in S-phase during CH treatment should express the IE nuclear antigen. To test this prediction, Rat-10B cells growing on coverslips were treated with CH to induce IE transcription, and simultaneously with [3H]dT to label those cells which were in Sphase during transcriptional induction. After 2.5 h in the presence of both CH and [3H]dT, the cells were washed extensively and fresh growth medium containing both Ara-C and HU (to inhibit further [3H]dT incorporation) was added. Cells were fixed 6 h after CH/[3H]dT treatment and stained for IE expression with S MAb by the peroxidase-AEC technique, which stains IEA-positive nuclei red. The stained slides were then coated with a photographic emulsion and developed 1 week later. Microscopic analysis of these preparations showed that almost all (95~) cells that expressed the IE nuclear antigens also incorporated [3H]dT to a significant extent (Fig. 8, row 3) . In an analogous experiment, Rat-9G cells also showed this strong correlation with the S-phase: over 99~ of IE-positive nuclei were in S-phase (for a representative photograph see Fig. 9 ). As a control, the fraction of cells that incorporated the label, either in the presence or absence of CH, was determined (Fig. 8, rows 1 and 2) . As expected, the intensity of the signal in CH-treated cells was significantly decreased (but still easily detectable) relative to untreated cells (not shown). However, the fraction of cells in S-phase was the same under both conditions, consistent with the idea that DNA synthesis continues at a reduced rate in the absence of protein synthesis (Seale & Simpson, 1975; Riley & Weintraub, 1979) . Therefore, the transcriptional induction event mediated by inhibition of protein synthesis is likely to be restricted to those cells which were in S-phase. Fig. 9 . Correlation between the induction of IE transcription and cellular DNA synthesis. Rat-9G ceils growing on glass coverslips were treated simultaneously with CH (50 ~tg/ml) and [3H]dT for 3 h. Following the 3 h induction/labelling period, the cells were washed extensively with PBS and growth medium containing Ara-C (10 I~M) was added. Cells were fixed 18 h later and stained for IE expression with S MAb, by the peroxidase-AEC technique. Coverslips were then coated with a photographic emulsion and developed 1 week later.
Induction of lE gene expression by arsenite is not restricted to S-phase cells
Activation of IE transcription by CH has been shown to occur during CH treatment . Since it is not known whether activation occurs either during or following arsenite treatment, cells were labelled from the moment of arsenite addition until fixation, in order to cover the activation event (Fig. 8, row 5) . Microscopic analysis showed that the majority of the cells (64~) that expressed the IEA did not incorporate a detectable amount of the label. For comparison, cells treated with CH were labelled for the same period (Fig. 8, row 4) ; this again, and in contrast to arsenite activation, showed a strong S-phase dependence. Together, the data indicate that activation of IE transcription by arsenite is not dependent on S-phase-related events.
DISCUSSION
In this paper we have described the establishment of two cell lines which contain either HCMV IE region 1 coding for the 72K IE nuclear antigen or the bacterial CAT gene, both under transcriptional control of the same DNA fragment which contains 465 bp of IE upstream sequences ( -484 to -19 relative to the IE cap site, + 1 ; Fig. 1 ). These cell lines show a repressed phenotype for the expression of the transfected gene. In Rat-10B cells, expression of the 72K lEA is only observed in less than 0.1 ~ of the cells as determined by IF with MAbs or a pool of human antisera. Expression of the 72K IEA can be induced by at least three stimuli: inhibition of protein synthesis, heat-shock and treatment with sodium arsenite (Fig. 3) . The same phenotype (repressed but inducible) was observed in rat cell lines harbouring the CAT gene under the same IE control (Fig. 4) . Based upon our previous observations on another rat cell line, Rat-9G (which harbours HCMV IE regions 1 and 2, including 1.8 kb of upstream DNA), it is reasonable to assume that the repressed phenotype of Rat-10B and sCAT cells is also due to repression of transcription. Therefore, both repression and activation of transcription in the cell lines described here were likely to be mediated by the 465 bp fragment of IE upstream DNA. This fragment has been shown to contain the IE enhancer-promoter elements (Stinski et al., 1983 ; Akrigg et al., 1985; Boshart et al., 1985) and retains the 18 bp elements which are homologous to the heat-shock element core consensus sequences (Pelham, 1985; Munro & Pelham, 1985) . Since this fragment lacks the four far-upstream nuclear factor 1 (N F-1) binding sites (Hennighausen & Fteckenstein, 1986 ) the binding of NF-1 to these sites in IE transcription activation (Nelson & Groudine, 1986) or repression is excluded, in these rat cells at least.
Autoregulation of IE region 1 has been shown to occur in transfected COS cells which constitutively express simian virus 40 early gene products . Although it may not be appropriate to extrapolate these findings directly to our rat cell lines, autoregulation could easily explain repression of IE transcription in Rat-9G and Rat-10B cells. However, since repression was also observed in the ctCAT cell lines, it is clear that cellular factors (presumably proteins) are involved in repression and activation of IE enhancerpromoter activity, rather than an HCMV IE gene product.
It is not known how IE transcription is prevented: repression could be due to the presence of a repressor of transcription, the absence of an activator of transcription, or both. Similar mechanisms have also been proposed for HCMV IE transcription regulation in embryonal carcinoma cells which only support IE transcription after in vitro differentiation (LaFemina & Hayward, 1986; Nelson & Groudine 1986; GSnczS1 et al., 1985) .
In this paper we have presented data which may help to gain a better insight into the mechanism underlying activation of IE transcription by inhibition of protein synthesis. A current model to explain transcriptional activation by inhibition of protein synthesis assumes the existence of a cellular repressor protein(s) that rapidly turns over. Such a repressor may be a labile protein that is rapidly degraded in the absence of de novo protein synthesis. Alternatively, a small pool of repressor proteins may be rapidly exhausted (Ringold et al., 1984; Elder et al., 1984; Greenberg et al., 1986; Linial et al., 1985) .
It is recognized that chromatin organization plays an essential role in the establishment and maintenance of the transcriptional status of cellular genes (for reviews, see Weintraub, 1985; Brown, 1984; Reeves, 1984) . As discussed by Weintraub (1985) , repression can be of two types: specific (by trans-acting repressors) and general. General repression is believed to be mediated by cooperative binding of histone H1 which organizes chromatin into the repressed (condensed) conformation by linking adjacent nucleosomes together. To maintain the repressed state of a gene throughout cell division, its repressed conformation must be maintained throughout replication of the gene and might well be mediated by DNA methylation. However, a small defect in an H 1 lattice may alter the condensed organization of a large region of chromatin, resulting in loss of general repression of this genetic region. It is well established that, in the absence of protein synthesis, DNA replication continues, although at a significantly reduced rate. This leads to conformational changes in chromatin structure (among which is the generation of nuclease-sensitive sites) due to the rapid exhaustion of the small pools of proteins that are necessary to organize the newly replicated DNA into its proper (e.g. repressed) chromatin conformation (Riley & Weintraub, 1979; Annunziato & Seale, 1983 , 1984 Seale & Simpson, 1975) .
We investigated some aspects of the working hypothesis that activation of IE enhancerpromoter activity in rat cell lines by inhibition of protein synthesis might result from a disturbance of the repressed chromatin conformation due to DNA replication in the absence of de novo synthesis of chromatin-organizing proteins. Two predictions of the working hypothesis were tested. The first was that transcriptional activation, mediated by CH, would exclusively occur in S-phase cells. Experimental evidence in support of this prediction came from experiments in which Rat-10B cells were induced for IE transcription by CH treatment in the presence of [3H]thymidine. Combined autoradiography and staining for IE nuclear antigen expression showed that expression occurred almost exclusively in nuclei that were in S-phase during CH treatment ( Fig. 8 and 9 ). In contrast, activation by arsenite occurred preferentially in cells that were not in S-phase (Fig. 8) . The second prediction was that inhibition of DNA replication, either before or after CH treatment, would not interfere with transcriptional activation, whereas inhibition of DNA replication during CH treatment would. Indirect evidence in support of this prediction came from experiments in which Rat-9G, Rat-10B and c~CAT cells were induced by CH in the presence or absence of DNA synthesis inhibitors and were subsequently tested for the expression of the IE nuclear antigen (Fig. 5 and Table 1) or CAT activity (Fig. 6) . These experiments showed that, at the protein level, CH-mediated activation of gene expression was dependent on continuing cellular DNA synthesis. More direct evidence came from experiments which showed that IE mRNAs were not accumulated during CH treatment when DNA synthesis was arrested (Fig. 7) . However, the possibility that activation of transcription by inhibition of protein synthesis took place in the absence of DNA synthesis and that both IE and CAT transcripts were rapidly turned over under these conditions cannot be excluded. A tight coupling between cellular DNA synthesis and histone mRNA stability is well known: when DNA synthesis is inhibited, histone mRNAs are rapidly degraded. This degradation of histone mRNAs, however, does not take place in the presence of CH (Sive et al., 1984; Stimac et al., 1984; for review, see Schiimperli, 1986) which is a well known inhibitor of mRNA turnover (Dani et al., 1984; Sive et al., 1984; Stimac et al., 1984; Linial et aL, 1985) . Two lines of evidence indicate that an increased breakdown of transcripts is less likely.
First, induction of IE nuclear antigen expression and CAT activity by arsenite was not significantly affected by inhibition of DNA synthesis ( Fig. 6 and Table 1 ). These experiments indicated that, in the absence of DNA synthesis, transcriptional activation could occur, and was followed by the cascade of events that eventually resulted in IE nuclear antigen expression or CAT activity. It is therefore unlikely that inhibition of DNA synthesis in itself resulted in the rapid breakdown of both IE mRNAs and CAT mRNAs. Second, the presence of inhibitors of protein synthesis usually results in an increased stability of transcripts, even in the absence of DNA synthesis (Sive et al., 1984) .
Together, the data presented in this paper indicate that activation of the IE enhancerpromoter in rat cells, mediated by inhibition of protein synthesis, may be coupled to cellular DNA synthesis. Although the results do not prove the working hypothesis they may provide additional information relevant to an understanding of (IE) gene activation by inhibition of protein synthesis. At least one other mechanism for CH-mediated activation of IE transcription which might account for the data presented should be considered. We have previously shown that the IE transcription unit, as present in Rat-9G cells, is methylated at high rates at sites surrounding the IE enhancer-promoter, whereas sites within the 19 bp enhancer elements were highly refractory to DNA methylation . If a particular DNA rnethylation pattern (for a recent review, see Bird, 1986) were involved in repression of IE transcription, maintenance methylation (which, by definition, takes place in S-phase) would be necessary for the inheritance of the repressed status. Inhibition of protein synthesis might interfere with the maintenance methylation process and IE transcription would result.
We have proposed that HCMV IE gene repression and activation, as observed in vitro, mightreflect the latent and reactivated state of the virus in vivo (Boom et al., 1986) . Based on this hypothesis we have presented data which indicated that latent HCMV might be reactivated in times of cellular distress which, from a biological point of view, is what might be expected . In addition, we have shown that the IE enhancer is refractory to DNA methylation de novo and have speculated that this might provide a molecular basis for the potential of HCMV to become reactivated even after a long latent period, thus escaping a potential cellular silencing mechanism . Here, we have provided evidence that both repression and activation of the IE enhancer-promoter also occurs in the absence of viral gene products, which may indicate an important role for cellular functions in maintenance of the latent state and in the reactivation process. In addition, the results indicate that reactivation of latent virus, mediated by inhibition of protein synthesis, may be dependent on cellular DNA synthesis and thus would only occur in cycling cells. Although stress (arsenite)-mediated reactivation appeared to occur independently of cellular DNA synthesis, the data do R. BOOM AND OTHERS not imply that this type of reactivation would occur in non-cycling (resting) cells. The relevance of our in vitro observations with regard to viral latency and reactivation in vivo remains to be established.
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